We report our first discoveries of high-redshift supernovae from the Subaru HIgh-Z sUpernova CAmpaign (SHIZUCA), a transient survey using Subaru/Hyper Suprime-Cam. We report the discovery of three supernovae at spectroscopically-confirmed redshifts of 2.399 (HSC16adga), 1.965 (HSC17auzg), and 1.851 (HSC17dbpf), and two supernova candidates with host-galaxy photometric redshifts of 3.2 (HSC16apuo) and 4.2 (HSC17dsid), respectively. In this paper, we present their photometric properties and the spectroscopic properties of the confirmed high-redshift supernovae are presented in the accompanying paper (Curtin et al. 2018) . The supernovae with the confirmed redshifts of z ≃ 2 have rest ultraviolet peak magnitudes of around −21 mag, which make them superluminous supernovae. The discovery of three supernovae at z ≃ 2 roughly corresponds to an event rate of ∼ 900 Gpc −3 yr −1 , which is already consistent with the total superluminous supernova rate estimated by extrapolating the local rate based on the cosmic star-formation history. Adding unconfirmed superluminous supernova candidates would increase the event rate. Our superluminous supernova candidates at the redshifts of around 3 and 4 indicate minimum superluminous supernova rates of ∼ 400 Gpc −3 yr −1 (z ∼ 3) and ∼ 500 Gpc −3 yr −1 (z ∼ 4). Because we have only performed a pilot search for high-redshift supernovae so far and have not completed selecting all the high-redshift supernova candidates, these rates are lower limits. Our initial results demonstrate the amazing capability of Hyper Suprime-Cam to discover high-redshift supernovae.
INTRODUCTION
Supernovae (SNe) are luminous explosions of stars. Because of their huge luminosities, SNe can be observed even if they are far away, and they have indeed been used to explore the distant Universe. For example, Type Ia SNe are known to be standardizable candles (e.g., Phillips 2005) . The use of Type Ia SNe to measure distances in the Universe led the discovery of the accelerating expansion of the Universe (Perlmutter et al. 1999; Riess et al. 1998) .
Type Ia SNe, which are explosions of white dwarfs, are usually brighter than core-collapse SNe that originate from massive stars (e.g., Richardson et al. 2014) . Thus, Type Ia SNe have long been used to probe the distant Universe (e.g., Suzuki et al. 2012) . However, recent transient surveys revealed the existence of core-collapse SNe that are much brighter and bluer than Type Ia SNe. For example, Type IIn SNe gain their luminosity through the interaction between the SN ejecta and circumstellar media (e.g., Moriya et al. 2013b ) and, therefore, can be brighter and bluer than normal core-collapse SNe (e.g., Fransson et al. 2014) . Another example is so-called superluminous SNe (SLSNe) that become brighter than ∼ −21 mag and have blue spectra (e.g., Smith et al. 2010; Quimby et al. 2011) . The mechanisms to make SLSNe very luminous are not yet fully understood, but their progenitors are believed to be massive stars (e.g., Gal-Yam 2012; Howell 2017) . At least some SLSNe are known to be Type IIn (e.g., Smith et al. 2010 ) and they are likely powered by the interaction (e.g., Chevalier & Irwin 2011; Moriya et al. 2013a; Chatzopoulos et al. 2013) . SLSNe that are not Type IIn are mostly Type I having broad carbon and oxygen features (e.g., Quimby et al. 2011; Howell et al. 2013; Yan et al. 2017b; Mazzali et al. 2016 ). These core-collapse SNe can be detected well beyond the reach of Type Ia SNe (e.g., Cooke et al. 2009 Cooke et al. , 2012 Howell et al. 2013; Pan et al. 2017; Smith et al. 2017 , but see also Rubin et al. 2017 ) and enable us to study properties of massive stars in the early Universe. Some of them may even be used as standard candles (Blinnikov et al. 2012; Quimby et al. 2013; Inserra & Smartt 2014; Inserra et al. 2017; Scovacricchi et al. 2016) .
To find high-redshift SNe, it is necessary to conduct a deep and wide transient survey. Hyper Suprime-Cam (HSC, Miyazaki et al. 2017; Kawanomoto et al. 2017; Furusawa et al. 2017 ) on the 8.2 m Subaru telescope has a field-of-view of 1.8 deg 2 and it is one of the best instruments in the world to conduct such a wide and deep transient survey (e.g., Tanaka et al. 2016) . To make use of its unique capability, a deep and wide transient survey was conducted with HSC from November 2016 to May 2017 under the HSC Subaru Strategic Program (SSP; Yasuda et al. in preparation, Aihara et al. 2017) . The HSC-SSP transient survey aims for detecting Type Ia SNe at 1.0 z 1.5 with which a better constraint on the cosmological parameters can be obtained (Suzuki et al. in preparation) . However, the same data can also be used to find luminous core-collapse SNe at z 1.5 (e.g., Cooke 2008; Tanaka et al. 2012 Tanaka et al. , 2013 and we conducted the Subaru HIgh-Z sUpernova CAmpaign (SHIZUCA) with the same data. In this paper, we report our first discoveries of such high-redshift SNe beyond the redshift of 1.5 during the first half year of SHIZUCA. A similar half-year survey is planned in 2018.
The rest of this paper is organized as follows. First, we provide a brief summary of the half-year transient survey in Section 2. We present high-redshift SNe at z ≃ 2 whose redshifts are confirmed by the spectroscopic follow-up observations with Keck/Low Resolution Imaging Spectrometer (LRIS) reported in the accompanying paper (Curtin et al. 2018) in Section 3. Then, we report one SN candidate at z ∼ 3 and another SN candidate at z ∼ 4 in Section 4. We are not able to obtain their spectra, but the photometric redshifts of their host galaxies suggest the high-redshift nature of the SNe. We discuss our results in Section 5 and conclude this paper in Section 6. The standard cosmology with H 0 = 70 km s −1 Mpc −1 , Ω Λ = 0.7, and Ω M = 0.3 is adopted when necessary. All the observed photometries are presented with the AB magnitude system.
TRANSIENT SURVEY OVERVIEW
We briefly summarize the transient survey conducted with Subaru/HSC from November 2016 to May 2017 as a part of the HSC-SSP survey (Aihara et al. 2017) . Details of the transient survey will be presented in Yasuda et al. (in preparation) .
The transient survey was performed in the HSC-SSP Ul-traDeep field in the COSMOS field (Capak et al. 2007 ). The survey area is one field-of-view of HSC (1.8 deg 2 ). The observations with each filter (Fig. 1) were performed for a few epochs at around every new moon. The data are reduced with hscPipe (Bosch et al. 2017 ), a version of the LSST stack (Ivezic et al. 2008; Axelrod et al. 2010; Jurić et al. 2015) . The astrometry and photometry are calibrated relative to the Pan-STARRS1 (PS1) 3π catalog (Magnier et al. 2013; Schlafly et al. 2012; Tonry et al. 2012) . Final photometries are obtained via point-spread function photometry in the template-subtracted images.
The main science objective of the HSC-SSP transient survey is Type Ia cosmology at 1 z 1.5, but we conduct SHIZUCA with the same data to search for SNe at z 1.5. The high-redshift SNe and SN candidates reported in this paper are selected based primarily on the COSMOS2015 photometric redshifts (Laigle et al. 2016) . Some high-redshift SN candidates are followed by Keck/LRIS. Spectra obtained by Keck/LRIS are reported in the accompanying paper Figure 1 . HSC filters. The wavelength ranges covered by the filters are 4000 − 5450 Å (g), 5450 − 7000 Å (r), 7000 − 8550 Å (i), 8550 − 9300 Å (z), and 9300 − 10700 Å (y). (Curtin et al. 2018) . Table 1 presents the list of the transients presented in this paper with their host galaxy properties.
SPECTROSCOPICALLY CONFIRMED HIGH-REDSHIFT SUPERNOVAE
We first report three SNe at z ≃ 2, i.e., HSC16adga (z = 2.399), HSC17auzg (z = 1.965), and HSC17dbpf (z = 1.851). The physical properties of host galaxies in this paper are estimated with the MIZUKI code in which photometric redshifts and physical properties of galaxies are simultaneously estimated in a self-consistent way (Tanaka 2015). The photometric redshifts are obtained by using all the available photometry in COSMOS2015 and HSC. The probability distribution functions (PDFs) of the estimated photometric redshifts for the host galaxies of the three SNe are presented in Fig. 2 . The estimated galaxy properties from MIZUKI in this section are obtained by assuming the spectroscopically confirmed red- Figure 2. PDF of the photometric redshifts of the host galaxies of the spectroscopically-confirmed high-redshift SNe estimated by MIZUKI using the HSC and COSMOS2015 photometries of the host galaxies. The confirmed redshifts are shown with the vertical dotted lines. The COSMOS2015 photoz are 2.2562 +0.2517 −0.2972 (HSC16adga), 1.6478 +0.06 −0.0752 (HSC17auzg), and 2.2496 +0.0767 −0.5294 (HSC17dbpf).
shifts. Image cutouts of the SNe are summarized in Fig. 3 . All the SN photometric data are summarized in Appendix.
HSC16adga (SN 2016jhm)
HSC16adga (SN 2016jhm) was discovered shortly after the beginning of the survey at (RA, Dec) = (10:02:20.12, +02:48:43.3). It appeared in a galaxy with the COSMOS photo-z of 2.2562 +0.2517 −0.2972 and the MIZUKI photo-z peaking at 2.19 (Fig. 2) . The SN spectroscopic redshift is z = 2.399 ± 0.004 (Curtin et al. 2018) which is consistent with the photometric redshifts. The SN location is 0.36" (2.9 kpc at z = 2.399) away from the host galaxy center. According to MIZUKI, the host galaxy is a star-forming galaxy with the stellar mass of ≃ 9 × 10 9 M ⊙ and the star-formation rate (SFR) of ≃ 10 M ⊙ yr −1 . Fig. 4a presents the observed LCs of HSC16adga. The original data are summarized in Table 2 . The rest-frame LCs in Fig. 4b are obtained by taking the spectroscopic redshift of 2.399 and applying a simple K correction of 2.5 log(1 + z) (Hogg et al. 2002) . We do not take any host galaxy extinctions into account in this paper. The central wavelengths of the observed filters are also shown. Because our transient survey is performed in the observer-frame optical bands, our photometric information is limited to the rest-frame ultraviolet bands, not optical. The peak magnitudes are slightly fainter than −21 mag in ultraviolet. The rise time is not well constrained, but it declines rather slowly. The LC evolution is similar to that of Type IIn SLSN LSQ15abl (Brown et al. 2014) (Fig. 4c ) with which the spectrum of HSC16adga is found to be similar (Curtin et al. 2018) . The luminous Type IIn SN 2010jl (Fransson et al. 2014 ) also has a similar LC evolution to HSC16adga (Fig. 4c ). Fig. 4b . It is hard to estimate the photospheric temperatures in the early epochs because the peak of the SEDs is not constrained with our optical photometries. The photometric temperatures are higher than ≃ 20, 000 K in these epochs. Then, the photospheric temperatures gradually go down to ≃ 16, 000 K (20 days) and ≃ 13, 000 K (30 days). The temperature evolution is consistent with that of luminous Type IIn SNe (e.g., Fassia et al. 2000) .
HSC17auzg (SN 2016jhn)
HSC17auzg (SN 2016jhn) was first detected on 23 Dec 2016 at (RA, Dec) = (09:59:00.42, +02:14:20.8) in the z band ( Fig. 3) . It appeared in a galaxy with the COSMOS photo-z of 1.6478 +0.06 −0.0752 and the MIZUKI photo-z centering at 1.78 (Fig. 2) . The spectroscopic follow-up observations confirmed the redshift of 1.965 ± 0.004 (Curtin et al. 2018 ). The SN is at 0.78" (6.5 kpc at z = 1.965) away from the host Table 3 for the data). After the first detection, its brightness continued to increase for about 3 months in the z band, while the rise times in the bluer bands are shorter (Fig. 6a ). The rest-frame LCs at z = 1.965 are shown in Fig. 6b with the corresponding central wavelengths of the HSC filters. The y band luminosity, which corresponds to the rest 3400 Å, rises for 30 days but the LCs in the longer wavelengths may well keep increasing even after the beginning of the decrease in the y band. Therefore, the luminosities in the rest-frame optical bands may have been brighter.
The spectrum of HSC17auzg is consistent with those of Type II SLSNe (Curtin et al. 2018) . Fig. 6c compares the LC of HSC17auzg to those of SLSN IIn 2006gy (e.g., Smith et al. 2007 ) and Type IIn SLSN LSQ15abl (Brown et al. 2014) . Although the rest-frame UV LCs of SN 2006gy are unavailable, its optical LC rising rate is found to be consistent with HSC17auzg. The LC declining rate of HSC17auzg is consistent with that of LSQ15abl. The SED evolution obtained by the broad band photometries is presented in Fig. 7 . The blackbody temperatures evolve from above ≃ 22, 000 K to ≃ 11, 000 K in about 40 days. The corresponding blackbody radii are ≃ 1.2 × 10 15 cm to ≃ 4 × 10 15 cm. The temperature evolution is similar to that found in SN 2006gy. Thus, it is possible that HSC17auzg had a similar LC evolution to SN 2006gy in the rest-frame optical wavelengths.
HSC17dbpf (SN 2017fei)
The third spectroscopically-confirmed high-redshift SN is HSC17dbpf (SN 2017fei) at (RA, Dec) = (09:58:33.42, +01:59:29.7). It appeared in a galaxy with the COSMOS photo-z of 2.2496 +0.0767 −0.5294 and the MIZUKI photo-z centering at 1.58 (Fig. 2) . The redshift of HSC17dbpf is confirmed to be 1.851 ± 0.004 with the spectroscopic follow-up observation (Curtin et al. 2018) . The SN location is 0.58" (4.9 kpc at z = 1.851) away from the host galaxy center. The spectral type of HSC17dbpf is not clear but it is consistent with Type II SLSN spectra (Curtin et al. 2018) . MIZUKI estimates the host galaxy stellar mass of ≃ 9 × 10 9 M ⊙ and the SFR of ≃ 40 M ⊙ yr −1 .
The LCs of HSC17dbpf are reported in Fig. 8 . The original data are in Table 4 . Fig. 8a shows the observed LCs and Fig. 8b is the LCs at the rest frame at z = 1.851. HSC17dbpf has a LC that evolves more rapidly than the other two highredshift SNe we found. The rapid LC rise is consistent with that of Type IIn SLSN 2003ma (Fig. 8c ). Such a rapid rise is not found in Type I SLSNe, but the rest-ultraviolet LCs of Type I SLSNe to compare are lacking. The recent discovery of the Type I SLSN 2017egm at z = 0.031 (e.g., Nicholl et al. 2017a) provided an opportunity to obtain the rest ultraviolet photometries of a Type I SLSN but the rise is slower than that of HSC17dbpf (Bose et al. 2017 is found in some SNe in the luminosity range between SNe and SLSNe (Arcavi et al. 2016 ), but HSC17dbpf is brighter (Fig. 8c) . The rapid decline of HSC17dbpf is consistent with that of Type I SLSN 2016els, although the rise of the latter SN was not observed (Brown et al. 2014 ).
The SED evolution of HSC17dbpf is presented in Fig. 9 . The blackbody temperature in the first epoch is not well constrained, but the steep rise in the SED indicates a high temperature around 30,000 K. The blackbody temperature evolves to ≃ 14, 000 K on the second epoch and then goes down to ≃ 12, 000 K on the third epoch. The early high temperature is consistent with that found in SN 2003ma (Rest et al. 2011) and Type I SLSNe (e.g., Nicholl & Smartt 2016) . However, Type I SLSN spectra below around 3000 Å often deviate from the blackbody (e.g., Yan et al. 2017b,a).
Other z ∼ 2 SN candidates
We have reported spectroscopically-confirmed z ≃ 2 SNe so far. We obtained at least several more spectroscopically unconfirmed z ∼ 2 candidates during our survey. They will be reported elsewhere.
HIGH-REDSHIFT SUPERNOVA CANDIDATES BEYOND THE REDSHIFT OF 3
We additionally report two high-redshift SN candidates, one at z ∼ 3 and the other at z ∼ 4, to demonstrate the capability of the SHIZUCA. Neither the SN spectra or the host galaxy spectra are taken so far. However, their host galaxy photometric redshifts suggest the high-redshift nature of the SN candidates. Fig. 10 shows the images of these high- Figure 11 . Photometric redshifts of the host galaxies of the high-redshift SN candidates estimated by MIZUKI using the HSC and COSMOS2015 photometries of the host galaxies (Fig. 12) . The COSMOS2015 photo-z are 2.8225 +0.4727 −0.7032 (HSC16apuo) and 4.1974 +0.0908 −0.126 (HSC17dsid).
redshift SN candidates. Fig. 11 presents the host galaxy photometric redshifts obtained by MIZUKI. Their SEDs and the best fit host galaxy synthetic spectra are shown in Fig. 12 .
The photometric redshifts are discussed in the following sections. Figure 13 . LCs of HSC16apuo (Table 5 ). Detections with the significance of more than 5σ are presented with the 1σ error and triangles show the 5σ detection limit. Detections are connected with lines. The right axis shows the expected absolute magnitude at z = 3.
HSC16apuo (AT 2016jho)
HSC16apuo (AT 2016jho) was discovered at (RA, Dec) = (10:01:29.42, +02:28:33.8) on 23 Dec 2016 in a galaxy with the COSMOS photo-z of 2.8225 +0.4727 −0.7032 (Fig. 10) . It appeared 0.56" away from the host galaxy center, which is located in the south west of HSC16apuo. The corresponding physical distance at z = 3 is 4.3 kpc. The PDF of the photometric redshift of the host galaxy estimated by MIZUKI is shown in Fig. 11 . The most probable redshift is 3.22 with the stellar mass of ≃ 6 × 10 9 M ⊙ and the SFR of ≃ 5 M ⊙ yr −1 but the PDF has an extended distribution ranging from z ≃ 2.8 to 3.5. The SED of the host galaxy is presented in Fig. 12 . The relatively large photometric uncertainties lead to the uncertainty in the photometric redshift but its faintness and the small flux below ∼ 4000 Å support the photometric redshift of around 3. Assuming z = 3, the SN is brighter than −21 mag at the peak (Fig. 13 , see Table 5 for photometry data).
Although HSC16apuo appears to be at the edge of this galaxy, there is another galaxy at 1.9" towards the north west. The photometric redshift of this galaxy is degenerated and it could be either z ∼ 0.5 or 3.
HSC17dsid (AT 2017fej)
HSC17dsid (AT 2017fej) is the most distant SN candidate found in the survey so far. It was discovered at (RA, Dec) = (10:02:58.12, +02:13:04.1) on 26 Apr 2017 in a galaxy with the COSMOS photo-z of 4.1974 +0.0908 −0.126 (Fig. 10) . The SN location is 0.16" away (1.1 kpc at z = 4) from the host galaxy center. The PDF of the photometric redshift of the host galaxy estimated by MIZUKI is shown in Fig. 11 . The most probable redshift is 4.16 with the stellar mass of ≃ 9 × 10 9 M ⊙ and the SFR of ≃ 40 M ⊙ yr −1 . The PDF has a narrow distribution and HSC17dsid is likely at z ∼ 4. The host galaxy SED presented in Fig. 12 clearly shows the sig- (Table 6 ). Detections with the significance of more than 5σ are presented with the 1σ error and triangles show the 5σ detection limit. Detections are connected with lines. The right axis shows the expected absolute magnitude at z = 4.
nature of the Ly break at ∼ 5000 Å, which strongly supports the host redshift of z ∼ 4. The LC of HSC17dsid is shown in Fig. 14 ( see also Table 6). HSC17dsid was discovered at the end of our transient survey period. However, additional photometry was obtained by Gemini/GMOS-S on 31 May 2017 (UT) with the i band (these data are reduced following standard procedures; open diamond in Fig. 14) . Because HSC17dsid was much brighter than the host galaxy (24.8 mag in the i band) when it was observed with Gemini, we did not perform the image subtraction for the Gemini photometry. We also had an opportunity to take another z band image with HSC on 20 June 2017 (UT). Assuming z = 4, HSC17dsid reaches −22.7 mag at 1600 Å in about 10 days. It is brighter than the ultraviolet-brightest SLSN currently known (Gaia16apd, Yan et al. 2017b; Nicholl et al. 2017b ), which could be due to a smaller metallicity and thus lower extinction from the ejecta.
DISCUSSION

Event rates
We roughly estimate the event rates of SLSNe at high redshifts based on the SNe and SN candidates we presented here. Because the complete selection of high-redshift SN candidates from the survey has not yet been finished, our rough rate estimates are likely to be the lower limits. We have at least a few more SN candidates at z ∼ 2 whose redshifts are not spectroscopically confirmed. In addition, our highredshift SN candidates are selected based on the photometric redshifts of the host galaxies and we have not completed our investigation into how our selection methods affect our discoveries. For example, we may have missed SLSNe without apparent host galaxies or with faint ones (see also Section 5.2 for related discussion). These remaining candidates and final rate estimates will be presented elsewhere.
The event rate can be expressed as i (1 + z i )/ε i V T, where T is the survey period, V is the comoving volume, z i is the redshift of an event, and ε i is the detection efficiency of an event (e.g., Prajs et al. 2017) . We assume ε i ∼ 1 here for simplicity. The survey period is set as T ∼ 0.5 yr. Assuming a typical limiting magnitude of 26.5 mag, SNe brighter than ≃ −20 mag can be detected up to z ∼ 4.5.
We estimate the event rates in the redshift ranges 1.5 z 2.5, 2.5 z 3.5, and 3.5 z 4.5. We confirmed three luminous SNe at 1.5 z 2.5. Summing up the three events, we find an event rate of ∼ 900 Gpc −3 yr −1 . This rate is already consistent with the expected Type II SLSN rate at 1.5 z 2.5 (∼ 1000 Gyr −3 yr −1 ) obtained by extrapolating the rate at z ∼ 0.2 (∼ 100 Gpc −3 yr −1 , Quimby et al. 2013 ) based on the cosmic star-formation history (Madau & Dickinson 2014) .
We obtained one SLSN candidate at 2.5 z 3.5 and another SLSN candidate at 3.5 z 4.5. The lower limits for the SLSN rate based on these candidates are ∼ 400 Gyr −3 yr −1 (2.5 z 3.5) and ∼ 500 Gyr −3 yr −1 (3.5 z 4.5). The lower limits are already consistent with the high-redshift SLSN rate (∼ 400 Gyr −3 yr −1 ) estimated by Cooke et al. (2012) .
The estimates for the event rates presented here are still very approximate. A complete study of the high-redshift SN rates from the HSC-SSP transient survey will be presented elsewhere after the completion of the survey.
Host galaxy properties
The host galaxies of the high-redshift SNe and SN candidates reported here have ∼ −21 mag in the rest ultraviolet and they are relatively massive galaxies (∼ 10 10 M ⊙ ). Our preference to find SLSNe in relatively massive galaxies could partly be due to our method of selecting high-redshift SN candidates, i.e., using photometric redshifts of the host galaxies. Brighter galaxies would have better estimates of photometric redshifts and we tend to follow high-redshift SN candidates with better photometric redshifts to secure our highredshift SN discoveries.
Because Type I SLSNe are typically found in much less massive galaxies in the local Universe and Type II SLSNe are found in a wide variety of galaxies (e.g., Neill et al. 2011) , our potential bias towards the massive galaxies may make a bias to our high-redshift SN discoveries. Previous high-redshift SLSN discoveries are limited to Type I SLSNe (e.g., Howell et al. 2013; Pan et al. 2017; Smith et al. 2017) while our discoveries are mostly consistent with Type II SLSNe. However, the galaxy mass-metallicity relation at z ≃ 2 shows that the galaxies with ∼ 10 10 M ⊙ at z ≃ 2 are as metal-poor as those with ∼ 10 8 − 10 9 M ⊙ in the local Universe (e.g., Erb et al. 2006; Steidel et al. 2014; Sanders et al. 2015) , where Type I SLSNe are found in the local Universe (e.g., Chen et al. 2017) . Indeed, high-redshift Type I SLSNe are sometimes found in such massive galaxies with ∼ 10 10 M ⊙ (Schulze et al. 2016; Perley et al. 2016) . The SFRs of our host galaxies are also high (∼ 10 M ⊙ yr −1 ) but their specific SFRs (∼ 10 −9 yr −1 ) are similar to those found in the local SLSN host galaxies (e.g., Schulze et al. 2016) . Therefore, it is likely that Type I SLSNe are also found with our candidate selection method and our high-redshift survey is not strongly biased to Type II SLSNe.
CONCLUSIONS
We have reported our initial high-redshift SN discoveries from the SHIZUCA conducted from November 2016 to May 2017 at the COSMOS field. We have shown three SNe at the redshifts around 2, i.e., HSC16adga at z = 2.399 ± 0.004, HSC17auzg at z = 1.965 ± 0.004, and HSC17dbpf at z = 1.851 ± 0.004. In this paper, we reported their photometric properties and their spectroscopic observations are presented in the accompanying paper (Curtin et al. 2018 ). These highredshift SNe are first selected based on their host galaxies' photometric redshifts and then the redshifts are confirmed by spectra. They are SLSNe with the peak rest-ultraviolet magnitudes at around −21 mag. At least three SLSNe detections at z ≃ 2 in our survey indicates a SLSN event rate of more than ∼ 900 Gpc −3 yr −1 at z ≃ 2. This event rate is likely the lower limit because we have at least several more spectroscopically unconfirmed SLSN candidates at z ∼ 2 which will be presented elsewhere.
In addition to the spectroscopically confirmed SNe at z ≃ 2, we reported one SN candidate at z ∼ 3 and another SN candidate at z ∼ 4. Their redshifts are estimated by the photometric redshifts of their host galaxies. The photometric redshifts are based on the photometry of the about 30 bands available in the COSMOS field as well as our HSC photometry. Estimated event rates from the detections are ∼ 400 Gyr −3 yr −1 (z ∼ 3) and ∼ 500 Gyr −3 yr −1 (z ∼ 4). Again, these rates are lower limits as additional candidates may be discovered after completing our candidate selections.
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APPENDIX
A. LOG OF PHOTOMETRY
We summarize photometric information of the transients presented in this paper. One count in flux corresponds to 27 mag. 
